Gate patterning on semiconductors is routinely used to electrostatically restrict electron movement into reduced dimensions. At cryogenic temperatures, where most studies are carried out, differential thermal contraction between the patterned gate and semiconductor often lead to an appreciable strain modulation. The impact of such modulated strain to the conductive channel buried in a semiconductor has long been recognized, but measuring its magnitude and variation is rather challenging. Here we present a way to measure that modulation in a gate-defined GaAs-based onedimensional channel by applying resistively-detected NMR (RDNMR) with in-situ electrons coupled to quadrupole nuclei. The detected strain magnitude, deduced from the quadrupole-split resonance, varies spatially on the order of 10 −4 , which is consistent with the predicted variation based on an elastic strain model.
Gate patterning on semiconductors is routinely used to electrostatically restrict electron movement into reduced dimensions. At cryogenic temperatures, where most studies are carried out, differential thermal contraction between the patterned gate and semiconductor often lead to an appreciable strain modulation. The impact of such modulated strain to the conductive channel buried in a semiconductor has long been recognized, but measuring its magnitude and variation is rather challenging. Here we present a way to measure that modulation in a gate-defined GaAs-based onedimensional channel by applying resistively-detected NMR (RDNMR) with in-situ electrons coupled to quadrupole nuclei. The detected strain magnitude, deduced from the quadrupole-split resonance, varies spatially on the order of 10 −4 , which is consistent with the predicted variation based on an elastic strain model.
Strain inevitably presents in any field effect transistor (FET) electronic devices. It arises primarily due to a combination of materials with different lattice parameters and/or different coefficients of thermal expansion. X-ray diffraction [1, 2] , electron microscopy [3, 4] , and Raman spectroscopy [5] [6] [7] can be employed to assess spatial strain distribution. Although those techniques are capable of delivering a high-spatial resolution strain profile, they are only sensitive to strain magnitude larger than a factor of 10 −4 . Alternative technique such as solid-state NMR could provide an acceptable solution since it has the ability to detect ultra low-level strain variation of less than 10 −4 through nuclear quadrupolar interaction with the electric field gradient (EFG) [9, 10] . However, macroscopic samples are needed for the conventional NMR detection technique to work.
To overcome the limitation, the so-called opticallydetected (or optically-pumped) NMR with quadrupole nuclei has been developed and exploited intensively to investigate structural information of strained semiconductor nanostructures [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . However this technique requires an interrogated structure to be optically accessible, which cannot be easily applied to any nanostructure devices defined by surface gate metals such as quantum point contacts [21, 22] or lateral surface superlattices [23] [24] [25] . To circumvent the difficulties, we utilize a RDNMR technique where on-demand spin polarized edge current is used instead as a means to polarize and probe the nuclear spin in the channel [26] .
As a proof of concept, we consider a prototypical mesoscopic one dimensional channel namely a quantum point contact [21, 22] , defined by three independent metallic gates placed on the semiconductor top as depicted in Fig.  1(a) . Each metal gate exerts a stress on the semiconductor due to different coefficient of thermal expansion, correspondingly, the resultant of the stressors produces a lateral strain field modulation in the channel. To quantitatively assess the strain profile in our point contact, we analytically calculate the strain propagation from the interface down to the GaAs semiconductor layer on the basis of the model introduced by Davies and Larkin [23, 24] , as displayed in Fig. 1(b) . The model operates under the assumption that there is no displacement in the ydirection (ǫ yy = 0) although its stress component σ yy is not zero. In this case, the dilation (δ ≡ ǫ xx + ǫ zz ) is given by
The stress component on the right-hand side of equation (1) can be computed semi-analytically by taking the real component of the first derivative of the so-called elastic potential shown inside the bracket of equation (2) 
here Z = π(x + iz)/(a + b) and A = πa/(a + b) describe the gate geometry. The gate length and the gap between each gate are 2a and 2b, respectively. Since the length of the center (200 nm) and split metal gate (set to 3 µm-long) are different, we compute the strain/stress profile of each gate by taking b → ∞. The resultant strain/stress is the sum of each individual strain/stress profile. The force per unit length concentrated at the edge F 0 x is given by
In our case, the metal gate thickness is approximately h ≈ 25 nm, which is much smaller than the center or split metal gate length. E gate = 100 GPa and E = 85.5 GPa are the Young's modulus of the gate and GaAs, respectively. The poisson ratio of the gate and GaAs are ν gate = 0.3 and ν = 0.31, respectively. The differential thermal contraction coefficient is ǫ 0 xx = α × 10 −3 . We set the coefficient α to be 3.5 to match the experimental data. Note that there is uncertainty in the literature about the initial strain/stress coefficient value α, therefore we might treat it as a free parameter, and the only free and adjustable parameter in the model calculation.
The uncertainty comes about due to the metal deposi- tion annealing condition, which adds extra strain to the interface [25] .
Individual strain component ǫ xx and ǫ zz are related by ǫ xx /ǫ zz = (ν − 1) /ν ≈ −2.2258. Each strain tensor component can be extracted from the computed dilation to evaluate the total strain ǫ tot felt by a nuclei. The corresponding first-order quadrupole splitting ∆ Q is directly proportional to the strain field ǫ tot = ǫ zz − (ǫ xx + ǫ yy )/2, which is given by
here e is the elementary charge and h is the Planck constant. For 75 As nuclei, the EFG tensor component S 11 = ∓13.2×10
15 statC·cm −3 (S 11 = ∓3.96×10 22 Vm −2 in SI unit) [29] , and a quadrupole moment Q = 2.7 × 10 −29 m 2 . The relation between ǫ tot and ∆ Q to the individual strain tensor components (ǫ xx , ǫ yy , and ǫ zz ) immediately implies that the quadrupole interaction is only sensitive to shear lattice deformation, but not to isotropic deformation [14] .
The model provides an estimate of the strain field magnitude and its spatial modulation to aid in our discussion. The magnitude varied from about −1.6 × 10 −4 to +3.4 × 10 −4 at the center of the quantum well, located 175 nm beneath the surface. Since GaAs is in tension, the strain is mostly positive on the exposed surface and takes on a maximum value of +3.4 × 10 −4 half-way between the center and split gate. However, the region under the gate has a mostly negative strain field value. The positive(negative) value of ǫ tot means that the crystal lattice in the x direction is subjected to compressive (tensile) strain while the lattice in the z direction is subjected to tensile(compressive) strain. As plotted in Fig.  1(b) , the strain distribution to the left (x < 0) and to the right (x > 0) side of the center gate is identical. To avoid possible reflection from the center gate arm connected to the right side of the Hall bar, we focus only on the strain distribution to the left-hand side of the center gate, x < 0. This was achieved by applying a slightly higher negative voltage than a pinch-off bias voltage to the right-hand side split metal gate (SG2) for every V CG bias value (see the supplementary materials for determining the pinch-off voltages).
Dynamic nuclear polarization (DNP) relied on the hyperfine-mediated inter-edge spin flip scattering within the same Landau level as described in our previous theoretical and experimental studies [34, 35] . We applied the magnetic field 4.5 T perpendicular to the sample to reach the lowest Landau level (filling factor ν = 2) at a lattice temperature of 300 mK. DNP was induced by applying ac bias current of about 10 nA for over 1500 seconds at points along the red conductance traces, corresponding to the filling factor less than 1 (ν < 1) in the constriction. This was followed by slowly scanning rf with increasing frequency through a home-made coils wounded around the device with an rf power of −30 dBm delivered to the top of the cryostat and a scanning speed of 100 Hz/s. In our previous study in Ref. [35] , we confirmed that the RDNMR signals were Knight shifted, proving that the detected signals came from inside the constriction.
We start off by examining the strain distribution underneath the split metal gate, x < −300 nm. To do so, we applied V CG = −0.65 V. This ensures the edge current flows and the corresponding dynamic polarization takes place underneath the left-hand split metal gate (SG1). Current-induced dynamic nuclear polarization and RD-NMR measurements were carried out at a certain range of V SG1 bias voltage along the red line as indicated in the magnetotransport traces displayed in Fig. 2(a) . Three represented 75 As RDNMR spectra shown in Fig. 2 (b) all exhibit three-fold splitting due to nuclear quadrupole interaction with the strain field. We extracted the average quadrupole splitting value for each obtained RDNMR spectrum with a Gaussian fit. The extracted value and the corresponding transition between the non-equidistant levels are displayed in Fig. 2(c) . The splitting was consistent around 10 kHz, unchanged throughout the bias voltage range of interest. This suggests that the nuclear spins were polarized in a small and also less modulated strained region, which, according to our calculation corresponds to the region far to the left, x < −750 nm.
To access the ascending strain slope developed around the edge of the split metal gate, we reduced the bias applied to the center metal gate to V CG = −0.45 V, and then repeated similar measurements. From the three represented RDNMR spectra displayed in Fig. 3(b)-(c) , the detected splitting was initially about 10 kHz at the lesser negative split gate bias with the center of each transition peak being slightly convoluted but still recognizable, which is similar to the case presented in Fig. 2 . However, by applying more negative bias voltage to V SG1 , the splitting between the center and satellite peaks progressively increased reaching up to about 25 kHz at V SG1 = −1.1 V. This clearly demonstrates that we were able to shift the channel laterally and then polarize the nuclear spins around the edge of the left-hand side split metal gate.
We further reduced the applied bias voltage to the center gate to V CG = −0.2 V to be able to approach the strain field in the exposed area half-way in between the left-hand side split and center metal gates, where according to our model, a maximum strain field is expected. Unlike the other two former cases, we notice that the conductance quickly went to zero after passing through the last half-integer plateau as shown in Fig. 4(a) . This occurred because the channel width was already too narrow and consequently we could only accumulate a limited number of spectra to the left vicinity of the plateau, indicated by the red-colored trace. Fig. 4(b) shows the accumulated spectra where each peak was clearly separated since the splitting, of about 45 kHz, has already exceeded the linewidth of each resonance peak. Furthermore, the satellite intensity at a higher frequency side was higher than both the center and the satellite in- tensities at a lower frequency side. From the splitting value and the channel narrowness, we estimate the nuclear spin polarization detected occupying a volume of around 100 × 500 × 20 nm 3 , involving about 10 7 nuclear spins. Since each peak intensity was clearly deconvoluted, the nuclear spin temperature could be estimated easily from the ratio of two satellite intensities [30] of around −2 mK, indicating that the nuclear spins are population inverted. The detected spectrum was similar to the calculated RDNMR response for relatively large and homogeneously strained 75 As atoms [34] . This is in contrast with the other two former cases where the center transition intensities were mostly found to be more pronounced. Ref. [20] argue that the more pronounced center transition intensity is likely due to the nuclear spin polarization spreads over to the unstrained 75 As atoms. To clearly identify them, it requires a more elaborate 2D strain modelling in combination with self-consistent electron density distribution calculation.
In summary, we have demonstrated for the first time direct detection of the built-in strain modulation on the order of 10 −4 in the nanometer-scale channel by electrical means. The detection was possible in part since we were able to guide the spin polarized edge current pathways to a different portion of the channel by gate bias tuning. The sensitivity of our strain measurement is currently limited by the center transition linewidth broadening of more than 10 kHz due to the coupling via inhomogeneous Knight field reflecting electron density distribution in the channel [28] . However, it is possible to improve the detection sensitivity by a factor of five at most by depleting the electron density in the channel after each DNP cycle as described in Ref. [27, 28] . One can then reduce the central transition linewidth to be as small as 2 kHz [28] , the lower limit due to the nuclear dipolar interaction.
Strain evaluation in gate-defined nanostructures is important to understand transport phenomena better in mesoscopic systems as it may alter the confinement potential shape either via deformation potential or piezoelectric coupling [24] . This is particularly relevant for a shallow conductive channel involving multiple gate arrays to study transport anomaly such as the enigmatic 0.7 structures in quantum point contacts, which proved to be sensitive to the confinement potential profile [31] [32] [33] .
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